The isothermal section of the Ce-Mg-Mn phase diagram at 723 K (450°C) was established experimentally by means of diffusion couples and key alloys. The phase relationships in the complete composition range were determined based on six solid-solid diffusion couples and twelve annealed key alloys. No ternary compounds were found in the Ce-Mg-Mn system at 723 K (450°C). X-ray diffraction and energy-dispersive X-ray spectroscopy spot analyses were used for phase identification. EDS line-scans, across the diffusion layers, were performed to determine the binary and ternary homogeneity ranges. Mn was observed in the diffusion couples and key alloys microstructures as either a solute element in the Ce-Mg compounds or as a pure element, because it has no tendency to form intermetallic compounds with either Ce or Mg. The fast at. interdiffusion of Ce and Mg produces several binary compounds (Ce x Mg y ) during the diffusion process. Thus, the diffusion layers formed in the ternary diffusion couples were similar to those in the Ce-Mg binary diffusion couples, except that the ternary diffusion couples contain layers of Ce-Mg compounds that dissolve certain amount of Mn. Also, the ternary diffusion couples showed layers containing islands of pure Mn distributed in most diffusion zones. As a result, the phase boundary lines were pointing toward Mn-rich corner, which supports the tendency of Mn to be in equilibrium with all the phases in the system.
I. INTRODUCTION

MAGNESIUM alloys are in increasing demand
because of their unique properties. Some of the major advantages of magnesium alloys are: lowest density among all other metallic structural materials, high specific strength, good castability, suitability for highpressure die casting, high speed machinability, good weldability under controlled atmosphere, availability, [1] and improved corrosion resistibility against salty water compared to pure Mg. [2] To obtain these advantages, attempts have been made to improve the mechanical properties of Mg by adding different alloying elements. For instance, addition of cerium leads to improved mechanical properties at elevated temperatures. [3] Furthermore, addition of manganese improves the corrosion resistance. [4] Ce-Mg-Mn alloys are considered promising for automotive and aerospace applications. They show excellent creep resistance at elevated temperatures. [1] Their light weight, also, gives an opportunity for further structural weight reduction. Thus, it is essential to understand the phase relationships, resulting from addition of Ce and Mn to Mg, in the Ce-Mg-Mn system using different techniques.
The diffusion couple is a valuable experimental technique for phase diagram studies. It is subjected to the assumption of obtaining local equilibria in the diffusion zones. [5] Thin layers, in thermodynamic equilibrium, are formed adjacent to each other. The phase equilibria, then, can be determined via the composition profiles across these layers. [6] II. LITERATURE DATA
A. The Ce-Mn System
The Ce-Mn phase diagram was studied experimentally by several investigators. [7] [8] [9] [10] [11] Rolla and Iandelli [7] and Iandelli [8] first suggested that a liquid miscibility gap exists at 1271 K (998°C) in the composition range of 45 to 64 wt pct Mn. Later, Thamer [9] investigated the Ce-Mn system in the Ce-rich side (below 20 at. pct Mn). He [9] found that the eutectic occurs at 895 K (622°C), which is 10 K (À263°C) higher than the eutectic temperature proposed by Iandelli [8] at 885 K (612°C). Also, he [9] reported the solubility of Mn as 5 at. pct in d-Ce and 2 at. pct in c-Ce at 911 K (638°C). Palenzona and Cirafici [10] re-assessed the Ce-Mn phase diagram experimentally, taking into account all previous thermal analyses reported by Thamer. [9] They [10] corrected the allotropic transition temperatures of a fi b Mn to 1000 K (727°C) instead of 983 K (710°C), b fi c to 1373 K (1100°C) instead of 1343 K (1070°C), and c fi d to 1411 K (1138°C) instead of 1416 K (1143°C). The melting temperature of Mn remained the same as 1519 K (1246°C). Because of the presence of the liquid miscibility gap in the Ce-Mn phase diagram, Tang et al. [11] re-assessed the system based on their own XRD and DTA measurements and the data from the literature. [8, 9] Furthermore, the Ce-Mn system was thermodynamically modeled by Tang et al. [12] and Kang et al. [13] considering all the experimental findings, except the liquid miscibility gap proposed by Iandelli. [8] B. The Mg-Mn System Several experimental works [14] [15] [16] [17] and thermodynamic modeling [13, 17, 18] concerning the binary Mg-Mn phase diagram were found in the literature. However, due to the high temperature of the liquid miscibility gap, experimental data are not available in this region. The temperature was estimated, using thermodynamic modeling, by many authors as 2175 K (1902°C), [13] 3475 K (3202°C), [17] and 3688 K (3415°C). [18] The binary liquid miscibility gap, of the Mg-Mn binary system, was proposed to extend in the Ce-Mg-Mn ternary, based on the liquidus projection calculated by Zhang et al. [19] C. The Ce-Mg System Unlike the other two binaries, intermetallic compounds exist in the Ce-Mg system. The Ce-Mg phase diagram was experimentally studied by many authors. [20] [21] [22] [23] [24] Accordingly, Figure 1 shows the Ce-Mg phase diagram redrawn from Nayeb-Hashemi and Clark. [25] Recently, Zhang et al. [26] reported a shift in the compositions of Ce 5 Mg 41 and CeMg 12 . Based on their [26] findings, some compounds were given different formulae such as Ce 5 Mg 39 instead of Ce 5 Mg 41 and CeMg 11 instead of CeMg 12 . These compositional shifts were due to substitution of Mg sites with vacancies.
More recently, Okamoto [27] re-evaluated the Ce-Mg phase diagram focusing on the modified phase diagram by Zhang et al. [26, 28, 29] Based on the crystal structure data, Okamoto [27] changed Ce 5 Mg 39 and CeMg 11 to their former formulae Ce 5 Mg 41 and CeMg 12 , respectively. Table I shows the crystal structure data and actual composition of Ce-Mg compounds. [27, 30] Also, he [27] suggested the re-examination of the CeMg 3 phase field; since the width of the two-phase region CeMg 2 + CeMg 3 was shown to increase with temperature.
D. The Ce-Mg-Mn System
The Ce-Mg-Mn ternary system was first studied by Petrov et al. [3] The samples were prepared initially from Mg-Mn master alloys containing 2.5 wt pct Mn. They [3] reported two vertical sections in the Mg-rich corner, at maximum 3 wt pct Mn with 0.3 and 1.6 wt pct Ce, respectively, by thermal and microscopic methods. No ternary compounds were observed in the two vertical sections. Based on the results of Petrov et al., [3] Raynor [31] concluded that addition of 1.5 wt pct Ce to Mg-Mn alloys reduces the solid solubility of Mn from 5 to 3.8 wt pct at 1123 K (850°C), while further additions will slightly affect the Mn solubility. Later, the Ce-MgMn ternary system was studied by Pezat et al. [32] They attempted partial substitution of Mg by M = (V, Cr, Mn, Fe, and Co) in CeMg 12 to investigate the CeMg 11 M composition as a hydrogen storage compound. In their findings, CeMg 11 Mn was reported as a ternary compound. After further examination, they realized that CeMg 11 M was only a chemical composition in the CeMg 12 + Mn two-phase field and not a ternary compound. Recently, Zhang et al. [19] studied the Mg-rich corner (up to 2.5 wt pct Mn and 25 wt pct Ce) of the Ce-Mg-Mn phase diagram experimentally with the aid of thermodynamic modeling. High-purity starting materials were used in their [19] work and three isopleths at 0.6, 1.8, and 2.5 wt pct Mn and Ce up to 25 wt pct were selected. The system was investigated using two thermal analysis methods [cooling curve analysis (CCA) and DSC], SEM/EPMA and XRD techniques. A ternary eutectic reaction was observed at the composition of 1 wt pct Mn and 23 wt pct Ce and temperature of 865 K (592°C). In addition, the homogeneity range of CeMg 12 varies between 0.3 at. pct and 0.6 at. pct Mn, depending on alloy composition. Zhang et al. [19] also mentioned that Ce(Mg,Mn) 12 ternary solid solution has the same tetragonal structure as CeMg 12 , indicating the substitution of Mg by Mn. No additional experimental data could be found on this system in the literature.
The main objective of this work is to establish the Ce-Mg-Mn isothermal section at 723 K (450°C) experimentally by means of diffusion couples and key alloys. This will give better understanding of the phase relationships in the system, which is necessary for alloy design and development.
III. EXPERIMENTAL PROCEDURE
In order to study the phase relationships in the Ce-Mg-Mn isothermal section at 723 K (450°C), six solid-solid diffusion couples along with twelve key alloys were prepared and analyzed using Hitachi S-3400 scanning electron microscope equipped with energy-dispersive X-ray spectrometer (SEM/EDS). In most cases, the solubility ranges extended from the Ce-Mg binary compounds were below the detection limit of the EDS detector. Thus, the EDS results were used for qualitative analysis and the small solubilities were indicated as less than 2 at. pct. X-ray diffraction was performed on powdered samples, in the range from 20 to 90 deg 2h with 0.02 deg step size, to identify and confirm the phases obtained by EDS measurements. X-ray phase analysis was carried out using X'pert Highscore Plus software.
[33] The standard intensity data were taken from Pearson's Crystal Data software. [30] Silicon was used in the powder samples as a calibration standard to correct for the zero shift and specimen displacement.
A. Key Alloys Preparation
Pure elements were used for alloy preparation and diffusion couple end-members. Ce ingots and Mn flakes with purity of 99.9 and 99.98 pct, respectively, were supplied by Alfa Aesar Co.; and Mg ingots with purity of 99.8 pct were supplied by CANMET Materials Technology Laboratory (CANMET-MTL). The key alloys were prepared in an arc-melting furnace with water-cooled copper crucible and a non-consumable tungsten electrode under argon. The alloys were melted several times to ensure the composition homogeneity. Excess amount of Mg (around 15 pct) was added to compensate for Mg losses due to evaporation. The actual global composition was determined using an Ultima2 inductively coupled plasma optical emission spectrometry (ICP-OES). The actual composition was determined by taking the average composition of three different portions from each sample.
B. Solid-Solid Diffusion Couples
The end-members of the solid-solid diffusion couples were prepared from pure metals and/or alloys. Table II shows the compositions of the end-members and the annealing time periods of the diffusion couples annealed at 723 K (450°C). The contacting surfaces were ground gradually up to 1200 SiC paper using 99 pct pure ethanol as a lubricant and to prevent oxidation. High friction between the samples and the SiC papers was avoided to eliminate sparking during grinding due to Ce. After that, the ground surfaces were polished down to 1 lm using alcohol diamond suspension. The endmembers were strongly tightened together using stainless steel clamping rings to ensure good surface contact between the two members.
For annealing purposes, alloys and diffusion couples were wrapped in tantalum foil and encapsulated inside an argon-purged quartz tube with the inside pressure of about 5 9 10 À1 torr. To reach equilibrium at 723 K (450°C), alloys were heated up to 773 K (500°C) for 1 hour, and then the furnace temperature was brought down to 723 K (450°C) and kept for different annealing time. Therefore, annealing time was chosen as 8 days for some compositions, since no complete phase equilibrium was obtained from preliminary annealing attempts for 4 [ 25] days. Other alloys were annealed for 35 days; especially those containing CeMg 2 phase. This was due to the slow kinetics of the eutectoidal decomposition of the CeMg 2 into (CeMg) and (CeMg 3 ). The diffusion couples were annealed at 723 K (450°C) for different periods of time, based on the composition of the chosen end-members. The annealing process was stopped when the tube was visually observed to be dark indicating significant evaporation. After annealing, the quartz tubes, containing alloys and diffusion couples, were rapidly quenched in cold water in order to maintain the high temperature structure. The equilibrated phases and the diffusion zones were analyzed using SEM/EDS spot analysis and line-scans. Based on the phase equilibrium data obtained from six solid-solid diffusion couples and 12 key alloys, the isothermal section of the Ce-Mg-Mn phase diagram at 723 K (450°C) was constructed.
IV. RESULTS AND DISCUSSION
Diffusion couple technique combined with selected equilibrated alloys is used to achieve more reliable equilibrium phase relations in the Ce-Mg-Mn system. This combination guarantees the accuracy of the obtained data. In this work, six solid-solid diffusion couples were prepared and studied. Among these couples, only #1, #3, #4, and #6 will be presented in details. Diffusion couples #2 and #5 will not be discussed because diffusion couple #2 showed similar results to diffusion couple #1, and diffusion couple #5 confirmed the results obtained from other diffusion couples.
In the following section, the binary solid solution of Mg in cCe is represented as (cCe) Mg , and the extended solid solubility of Mg and Mn in cCe is represented as (cCe) Mg,Mn . Also, the details of the equilibrium information obtained from the samples used in the diffusion couples end-members are covered in the key alloys part (Section IV-B).
A. Diffusion Couples
The SEM micrograph of diffusion couple #1 is presented in Figures 2(a) , (b) and (c). The first end-member was made from pure Mg. The second end-member was made from sample #2, containing three phases, (cCe) Mg,Mn , (CeMg), and Mn, as shown in Figure 2 (d). Six diffusion zones were observed after annealing at 723 K (450°C) for 8 days. EDS spot analysis was carried out to measure the composition of each zone. The EDS line-scan, shown in Figure 3 , was performed across the diffusion zones of diffusion couple #1 to measure the homogeneity ranges of the different phases. The EDS spot analysis and line-scan results of diffusion couple #1 are summarized in Table III . It can be seen from the composition of the phases of diffusion couple #1 that Mn was associated with every diffusion zone as a pure element. Mn was originally provided from sample #2 (endmember). During the annealing process, adjacent layers representing the Ce-Mg binary compounds started to form, due to the fast atomic interdiffusion between Ce and Mg atoms. Mn was filtered from the end-member alloy, because it did not react with the diffusing components. This could be an indication that Mn is in equilibrium with these phases. Thus, four two-phase equilibria, namely (CeMg 12 ) + Mn, Ce 5 Mg 41 + Mn, (CeMg 3 ) + Mn, and (CeMg) + Mn were observed within the diffusion layers of couple #1; whereas, three three-phase equilibria were found at the interfaces. These three-phase equilibria are (CeMg 12 ) + Mn + Ce 5 Mg 41 , Ce 5 Mg 41 + Mn + (CeMg 3 ), and (CeMg 3 ) + Mn + (CeMg). The Ce-Mg binary phase diagram [25] showed CeMg as a stoichiometric compound. However, the ternary results showed (CeMg) as a solid solution with 2.5 at. pct Mn (Table III) . Thus, (CeMg) was used to describe this extended solid solution.
SEM micrographs of diffusion couple #1 showed that Mn was not contributing to the diffusion process, because Mn was localized in all diffusion zones as a pure element. Nevertheless, a continuous very thin layer of pure Mn was observed near the Mg end-member, as shown in Figure 2 (c). This layer indicates that Mn was also diffusing during the diffusion process. The diffusing Mn is in the form of small particles that most probably resulted from the dissolution of the (cCe)
Mg,Mn solid solution present in the end-member. The existence of Mn layer between Mg and (CeMg 12 ) + Mn two-phase field is necessary to fulfill the phase equilibrium. The Mn layer was not completely shown in the composition profile (Figure 3 ), because the layer thickness was much smaller than the spatial displacement of the point-topoint line-scan, which is~1 lm in average.
Based on the microstructures of the diffusion zones and the composition profiles, the diffusion path can The SEM micrograph of diffusion couple #3 is presented in Figure 5 (a). Figure 5(b) shows the SEM micrograph of the end-member which was made from the (CeMg 12 ) + Mn two-phase alloy (sample #8). The other end-member was made from a block of pure Ce. After annealing and quenching, seven diffusion zones were observed. EDS line-scan was performed across the diffusion zones to determine the homogeneity ranges of the phases within the diffusion zones. The composition of the phases of each diffusion zone is given in Table IV. The ternary diffusion couple #3 behaved like Ce-Mg binary diffusion couple, where only binary phases formed until the end of zone #4. These phases, starting from Ce side, are CeMg, CeMg 3 , and Ce 5 Mg 41 . Ce 5 Mg 41 seems to be in equilibrium with Mn, since a continuous thin layer of pure Mn (zone #5), similar to that in diffusion couple #1, formed at the interface between zones #4 and #6 as shown in Figure 5 (a). Mn Table IV. also appeared in larger quantity in zone #6 forming the Ce 5 Mg 41 + Mn two-phase region. The presence of Mn in equilibrium with (CeMg 12 ) solid solution, in zone #7, confirms the (CeMg 12 ) + Mn two-phase region in the ternary diagram in Figure 4 .
Although Mn was detected as a pure element in sample #8; traces of fine precipitates of Mn were observed in the (CeMg 12 ) solid solution matrix, as shown in Figure 5 The existence of the thin layer of pure Mn in diffusion couples #1 and 3 gives information about the location of the original interface between the two end-members. For instance, in diffusion couple #1, Mn atoms stopped diffusing at pure Mg end-member; also, no islands of pure Mn were seen on the left side of that thin layer. In diffusion couple #3, the pure Mn layer located in a position where Ce 5 Mg 41 formed on both sides. This leads to the conclusion that Ce 5 Mg 41 layer in zone #4 was formed due to the diffusion of Mg atoms from (CeMg 12 ) + Mn end-member toward Ce end-member. Whereas, the Ce 5 Mg 41 layer in zone #6 was formed due to the diffusion of Ce from Ce end-member toward (CeMg 12 ) + Mn end-member.
In order to reveal the phase relations in the Ce-MgMn phase diagram from 50 to 100 at. pct Ce, diffusion couple #4, made from Ce-40 at. pct Mg binary alloy and pure Mn end-members, was prepared. The 60Ce-40Mg (at. pct) binary end-member contains two phases, (cCe) Mg and CeMg. SEM micrograph of diffusion couple #4 is presented in Figure 6 . After annealing at 723 K (450°C) for 10 days, five diffusion zones were observed. EDS spot analysis was carried out to measure the composition of each zone as listed in Table V. EDS   10  15  20  25  30  35  40  45  50  55  60  65 line-scan across the diffusion zones of diffusion couple #4, shown in Figure 7 , was performed to reveal the homogeneity ranges of the binary and ternary solid solutions. According to the composition profile (Figure 7) , diffusion zone #2 represents a MgCe layer that formed from the two-phase alloy [(cCe) Mg Table VI. Diffusion zone #4 represents the (a-Mn) Ce solid solution which contains 2.5 at. pct Ce. Zone #5 represents the pure Mn end-member.
Mn concentration was found to increase from <2.0 to 6.0 at. pct toward the pure Mn end-member within diffusion zone #3. This increase was attributed to the exchange of Mn with the free Ce atoms released from the two-phase end-member. At the same time, the concentration of Mg dropped to <2.0 at. pct at the interface with zone #4, and Ce was stabilized by dissolving small fractions of Mg and Mn to form (cCe) Mg,Mn . Some of the Ce diffused further into Mn end-member to form (aMn)
Ce binary solid solution with 2.5 at. pct Ce. The amounts Ce and Mn in zones #3 and 4 were balanced by the formation of a wide CeMg diffusion layer in zone #2, which relatively contains higher Mg content. Hence, the rule of mass balance in diffusion couple #4 was fulfilled, because the diffusion path intersected the connecting line between the two end-members at least once as shown in Figure 8 .
According to the EDS spot analysis and line-scan across the diffusion zones, the phase equilibria depicted from diffusion couple #4 are shown in Figure 8 .
Diffusion couple #6 was prepared to investigate the phase relationships in the middle part of the Ce-Mg-Mn phase diagram. The first end-member was made from sample #10 [(CeMg) + Mn] and the second end-member was made from sample #9 [(CeMg 3 ) + Mn + Ce 5 Mg 41 ], as shown in Figure 10 . Diffusion couple #6 was annealed at 723 K (450°C) for 4 days. The SEM micrograph in Figure 9 (a) shows the three diffusion zones of diffusion couple #6. These zones are two endmembers (zone #1 and zone #3) and one~116-lm-thick diffusion layer (zone #2). EDS spot analysis was carried out to measure the phase composition of each zone as given in Table VI . EDS line-scan across the diffusion zones was performed to measure the composition profile shown in Figure 9 
The line-scan was selected to cut across all possible features in the diffusion zones shown in the micrograph in Figure 9(a) . Therefore, the composition profile shows a general concentration trend of each element. The data obtained from the line-scan across zone #2 were noisy (Figure 9(b) ). The source of this noise was from the change of average composition measurements in the (CeMg 3 ) solid solution matrix, where the Mn particles exist. The diffusion path of couple #6 can be depicted as: (CeMg) + Mn (end-member) fi (CeMg 3 ) + Mn fi (CeMg 3 ) + Mn + Ce 5 Mg 41 (end-member). Figure 10 shows a graphical representation of the phase equilibria obtained from this diffusion couple.
The phase relationships, concluded from the phase equilibria obtained from the diffusion couple experiments, are summarized in Figure 11 . The numbers 1 to 11 in this figure are used to label the phase regions determined by diffusion couples. The ranges of different solid solutions will be determined more accurately by combining the diffusion couples with the key alloys results.
B. Key Alloys
Diffusion couple experiments are not always successful. It is possible to miss some phases due to the slow kinetics of solid-solid reactions. [5, 34, 35] Therefore, key alloy experiments are designed to verify the experimental results obtained from the diffusion couples. Twelve key alloys were prepared with different compositions to verify the phase relationships obtained by the diffusion couples study. Alloys were brought to equilibrium after annealing at 723 K (450°C) for different periods of time. The actual compositions of the alloys obtained from ICP along with the XRD and EDS results are listed in Table VII . EDS spot analysis was performed on the annealed samples to determine the composition of the observed phases. SEM micrographs for selected alloys are presented in Figure 12 . XRD was performed to identify the equilibrated phases and to verify the phase relations obtained from EDS analysis. The XRD patterns of the selected alloys in different regions of the Ce-Mg-Mn system (samples #1, 2, 3, and 9) are shown in Figure 13 . Figure 12 (a) shows the SEM micrograph of sample #1, which contains two-phase equilibrium between (cCe) Mg,Mn ternary solid solution (white phase) and (aMn) Ce binary solid solution (dark phase). Based on EDS spot analysis, the binary solid solubility of Ce in Mn was measured as <2.0 at. pct Ce; whereas, the ternary solid solution in the Ce-rich corner contains 2.63 at. pct Mg and 1.14 at. pct Mn. Sample #2 was used as an end-member for diffusion couple #1 as shown in Figure 2(d) . The three-phase equilibrium was explained in Section IV-A. Figure 12(b) shows the three-phase equilibrium; Mn + (CeMg) + (CeMg 3 ), of sample #3. The binary phase (CeMg 2 ) was not detected in any of the diffusion couples at 723 K (450°C). Nevertheless, it was observed as metastable phase in sample #3. Two additional alloys (samples #4 and #5) were prepared in the same triangulation to confirm the results obtained from sample #3. Figure 14 shows the two equilibrated phases in sample #12. It was concluded that CeMg 2 decomposed eutectoidally to form (CeMg) Figure 5 (b). Three-phase equilibria of sample #9 are shown in Figure 12 (d). This alloy was used as an end-member for diffusion couple #6 and discussed in details in Section IV-A. Sample #10, Figure 12 (e), was also used in diffusion couple #4; and the phase equilibria were clearly explained in Section IV-A. Samples #11 and #12 were used to confirm the two-phase equilibrium of (CeMg) and (CeMg 3 ). Sample #11, Figure 12 (f), shows the eutectoid morphology of (CeMg) + (CeMg 3 ) which resulted from the CeMg 2 phase decomposition. The morphologies observed in sample #11 were the same as those of sample #12.
To confirm the results observed by EDS, XRD was used to identify the phases present in the key alloys. The diffusion couples and key alloys showed that Mn is in equilibrium with all phases in the system. This was also confirmed by XRD analysis, where Mn peaks appeared in the diffraction patterns of the analyzed samples, as shown in Figure 13 .
As mentioned earlier, the eutectoidal decomposition of CeMg 2 into (CeMg) + (Mg 3 Nd) was observed in the microstructures of samples #3, 4, 5, 11, and 12. The decomposition mechanism was inferred from Figures 14(a) and (b) . Figure 14(a) shows the as-cast microstructure of sample #12. The EDS spot analysis gave the composition of the two phases as CeMg 2 and (CeMg). However, from the Ce-Mg binary phase diagram (Figure 1) , it can be seen that the thermal stability range of CeMg 2 phase falls between 888 K and 984 K (615°C and 711°C); while the annealing was performed at 723 K (450°C). This means that CeMg 2 should not be observed in the equilibrated samples at 723 K (450°C). Therefore, further annealing was performed for sample #12. Figure 14(b) shows the microstructure of sample #12 after annealing at 723 K (450°C) for 27 days having typical eutectoid structure. Based on the Ce-Mg binary phase diagram (Figure 1) , besides the eutectoid structure, it is expected to have the primary solidified (CeMg). Figure 14(b) proves that this is what happened after annealing at 723 K (450°C) for 27 days. However, due to the fine eutectoid structure, EDS was not accurate enough to obtain the phase composition of its microconstituents. Thus, XRD was carried out to identify the phases present in the as-cast and annealed conditions.
The as-cast and annealed XRD patterns of sample #12 are shown in Figure 15 . The XRD pattern of the ascast sample #12 showed the presence of CeMg 2 along with (CeMg). After annealing for 27 days, the XRD pattern of the same sample showed (CeMg) and (CeMg 3 ) only. No peaks of CeMg 2 were detected. This ascertains that the eutectoidal decomposition of CeMg 2 led to the formation of (CeMg) and (CeMg 3 ). This also provides additional evidence of the presence of the (CeMg) + (CeMg 3 ) phase equilibrium in the Ce-Mg-Mn isothermal section at 723 K (450°C).
The phase boundaries obtained from the studied key alloys are consistent with those obtained from the diffusion couples technique. These results were combined to establish the Ce-Mg-Mn isothermal section at 723 K (450°C) as described in the following section.
C. Ce-Mg-Mn Isothermal Section at 723 K (450°C)
The isothermal section of the Ce-Mg-Mn system at 723 K (450°C), constructed based on the results obtained from the diffusion couples and the equilibrated samples, is shown in Figure 16 . The key alloys at the actual composition were shown as solid circles. The arrows indicate the phases obtained from XRD and EDS spot analysis for each alloy.
The (CeMg) + Mn two-phase field was constructed based on the EDS analysis, where Mn showed solid solubility in CeMg up to 5 at. pct. The homogeneity range of the CeMg 3 binary solid solution was determined at 723 K (450°C), in the current work, using diffusion couple #3 as can be seen in Figure 5 . The composition profile across the binary diffusion layers, shown in Figure 5(b) , showed that the composition of Mg changed from 74.5 to 76.7 at. pct Mg. Accordingly, the binary homogeneity range of (CeMg 3 ) was determined. The ternary solubility of Mn in (CeMg 3 ) was determined as 3.2 at. pct Mn by the diffusion couples and key alloys. Thus, the (CeMg 3 ) + Mn two-phase field was confirmed. The homogeneity range of the (CeMg 12 ) binary compound at 723 K (450°C) is taken from the Ce-Mg binary phase diagram [25] as 0.8 at. pct Mg. This small solubility could not be accurately determined by the EDS in the current work due to the relatively high error limits of Ce (around ±1.5 at. pct).
The Ce-Mg-Mn system shows unique phase relationships, where Mn is in equilibrium with all phases in the system. Since Mn has no tendency to form intermetallic compounds with Ce and Mg, it was always observed as either dissolved in the Ce-Mg compounds or as pure element in all microstructures. Therefore, the phase boundary lines are pointing toward the Mn-rich corner.
V. CONCLUSIONS
The isothermal section of the Ce-Mg-Mn phase diagram at 723 K (450°C) was constructed for the full composition range. The phase relationships were determined using 6 solid-solid diffusion couples and 12 key alloys. No ternary compounds were detected in the studied system at 723 K (450°C). Diffusion couple experiments were instrumental in revealing the phase equilibria in this system. However, diffusion couples are not always successful due to the possible missing of some of the phases due their slow kinetics. Therefore, key alloys are essential to complement the diffusion couples. Key alloy experiments were designed to verify the results obtained from the diffusion couples and both results were found to be consistent.
Based on the accepted Ce-Mg binary phase diagram the thermal stability range of CeMg 2 phase is between 888 K and 984 K (615°C and 711°C), while annealing in this work was performed at 723 K (450°C). Thus, CeMg 2 is not a stable phase in the Ce-Mg-Mn isothermal section at 723 K (450°C). This was confirmed by SEM/EDS, XRD, and metallographic studies.
Many two-phase regions, composed mainly of Mn and other phase, were observed in the microstructure of each zone. This confirms that Mn was not reacting, and the Mn source was from the ternary alloy end-members. However, the existence of a continuous thin layer of Mn in diffusion couples #1 and 3 indicates that Mn is diffusing.
